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Abstract
Purpose: The purpose of these studies was to determine if arterial angulations (through sitting or
standing), shear stress (through local heating), or a combination of these factors affected vascular
function. Moreover, this studied estimated the magnitude of the effect that biological sex has on
these vascular responses. Methods: Twenty-six healthy, young (18-40 years old) males (n=13)
and females (n=13) completed two experimental trials (2-h sitting and 2-h standing). In a
randomized fashion, one leg was passively heated in order to increase shear rate. Following a 48h washout, participants returned to the laboratory to complete the other trial. Flow-mediated
dilation (FMD) at the superficial femoral artery (SFA), and central and peripheral pulse-wave
velocity (PWV) were measured using vascular ultrasound. Endothelin-1 (ET-1) was analyzed
using an enzyme-linked immunoassay (ELISA). Results: There was a non-significant decrease in
FMD (1.45%; p = .06) during sitting and the decline in FMD was not different between biological
sexes (p > .05). Further, standing resulted in a significant increase in peripheral PWV (50 cm/s; p
< .05) but there was no change during sitting (p > .05). Overall, passive heating (1.42%; p < .05)
and standing (1.42%; p < .05) both independently improved FMD in comparison to sitting.
However, neither intervention attenuated the increases in peripheral PWV that occurred during
standing (p > .05). ET-1 did not increase over the course of either trial and was not different
between sexes (p > .05). Antegrade shear rate increased (p < .001) and retrograde stress decreased
(p < .001) when passively heated. Further, there was vasoconstriction during standing with SFA
diameter decreasing compared to sitting (0.28 mm; p < .001). Conclusions: Both interventions,
passive heating and standing, appear to be equally effective at improving FMD. Further, we
demonstrate that there is no significant impact of biological sex on sitting induced vascular

dysfunction and the interventions intended to prevent this dysfunction. However, standing
increased peripheral PWV and passive heating did not attenuate this response.
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I. Introduction
Current evidence suggests sedentary time may be a significant health risk, independent of
daily physical activity or exercise1. The impact of a sedentary lifestyle has been likened to
smoking2, and some have estimated that an hour of sitting equates to a 22-minute reduction in
lifespan3. In particular, long periods of prolonged sitting appear to directly cause vascular
dysfunction4. Increasing time spent sitting over just 5 days results in significant vascular
dysfunction5,6. However, the specific mechanisms involved in the development this
“proatherogenic hemodynamic environment”7 are largely unknown thereby making it difficult to
develop strategies to counteract sitting induced vascular dysfunction.
Over the past decade, evidence has been mounting that vascular dysfunction develops very
quickly during prolonged inactivity. Multiple studies have shown that 1-to-4 hours of sitting can
reduce vascular function, as measured by flow mediated dilation (FMD), by up to 4% 4,8. In
addition, arterial stiffness, as measured by pulse wave velocity (PWV), increases in the lower limbs
after 2 hours of standing9. There also appears to be a systemic vasoconstrictor response, as
evidenced increases in endothelin-1(ET-1), after 2 hours of sitting10.
Current evidence suggest that the two primary factors that modify vascular function during
prolonged sitting are shear rate (i.e., force of blood flow along the vessel wall) and arterial
angulation (i.e., bending of the artery due to limb position)11. FMD in particular seems to be
sensitive to both factors12,13. However, lower limb arterial stiffness appears to increase even in the
absence of arterial bending (i.e., during standing) 9.
The influence of biological sex has only been investigated in one study to date. Only
Vranish et al14 have investigated this relationship. In this study, females were protected at the
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macrovascular but not the microvascular level14. No studies to date have investigated if males and
females respond differently to interventions such as local heating or standing.
Specific Aims and Hypotheses
Specific Aim A. The responses of both local (FMD and PWV) and systemic (ET-1)
cardiovascular function to sitting and standing have yet to elucidated. Specific Aim A provides
clinically relevant physiological evidence of responses to standing in regard to changes in FMD,
PWV, and systemic vasoconstrictor responses (ET-1). Therefore, Specific Aim A tests the
hypothesis that the elimination of arterial angulations during prolonged standing leads to
improvements in FMD. We hypothesized that standing, compared to sitting, would attenuate
reductions in FMD compared to sitting (i.e., interaction between time and trial). However, we also
hypothesized that PWV and ET-1 responses would be similar between sitting and standing
considering some of the factors (e.g., edema) also occur during periods of prolonged standing.
Specific Aim B. Current evidences suggests that sitting induced vascular dysfunction is at
least partially mediated by changes in shear stress12. Local heating of the lower limbs increases
blood flow and shear rate12 without producing major systemic cardiovascular effects12,15. While
standing may attenuate vascular dysfunction, local heating has previously shown to acutely
improve measures of vascular function12. This study set out to provide evidence that the
maintenance of shear rate can lead to improvements in vascular function while sitting and standing.
Therefore, Specific Aim B tests the hypothesis that increasing shear rate, through local heating,
during prolonged sitting and standing leads to improvements in FMD and PWV. We hypothesized
that local heating would increase shear rate and lead to improvements in FMD and PWV compared
to sitting or standing without local heating.
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Specific Aim C. There is emerging evidence that biological sex influences vascular
function following prolonged sitting14. However, it is unknown to what degree sitting induced
vascular dysfunction, or interventions to prevent it, are affected by biological sex. Specific Aim C
tests the hypothesis that biological sex moderates the vascular responses to interventions such as
standing and heating. We hypothesized that, similar to previous studies14, females would have
attenuated vascular dysfunction in response to 2 hours of sitting relative to males. In light of the
available evidence, we also hypothesized that males would have a greater improvement during
standing while there would be equal improvements between sexes from local heating.
It is well documented that prolonged periods of sitting leads to significant decreases in
vascular function4,8,11–14,16, and over time this increases the risk of cardiovascular disease17.
Overall, this study provides greater insight into the mechanism by which vascular dysfunction can
be prevented via standing or increasing shear stress (i.e., local heating). Although there are a few
studies investigated the acute effects of either standing or heat stress on measures of arterial
health18,19 these studies have not measured both arterial stiffness and FMD simultaneously. To
our knowledge, this is the first study to investigate the influence of biological sex on responses to
standing or local heating on prevent sitting-induced vascular dysfunction.
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II. Literature Review
The majority of waking hours are spent sitting and inactive1. Sedentary behavior directly
contributes to vascular disease by creating an environment that stimulate a number of pathways
that contribute to vascular dysfunction7. The two primary physiological mechanisms underlying
sitting induced vascular dysfunction appear to be arterial bending 13,20 and low shear stress6,12,16.
However, the influence of sex as a biological factor has largely been ignored 14, but likely plays a
role in the development of sitting induced vascular dysfunction7.
A gold-standard method to quantify vascular dysfunction is with FMD. FMD
noninvasively measures the function of the endothelium. A reduction in FMD is a sign of
endothelium dysfunction and is considered an important early sign of atherosclerosis because it
precedes gross morphological signs or clinical symptoms21. Multiple studies have shown that 1-6
hours of sitting can acutely reduce FMD by 4% 4,8,12. This magnitude of FMD reduction is
associated with a ~50% increase risk of a cardiovascular event22. Several factors that modify FMD
include shear rate (i.e., speed of blood flow), arterial angulation (i.e., bending of the artery due to
limb position) and venous pooling (i.e., lower limb edema)7. A sedentary lifestyle, consisting of
repeated acute bouts of sitting and physical inactivity, leads to chronic and persistent impairments
in FMD23.
Current evidence suggest that the two primary factors that modify FMD are shear rate (i.e.,
force of blood flow along the vessel wall) and arterial angulation (i.e., bending of the artery due to
limb position)11. Prolonged sitting reduces shear rate and greater arterial angulations in the femoral
artery20. Thus, it is possible that both mechanisms combined contribute to vascular dysfunction
that occurs with prolonged sitting, but this has yet to be studied. Therefore, it is reasonable to
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suggest that if a practical intervention modulates one or both mechanisms, then vascular
dysfunction (i.e., FMD) with prolonged sitting (i.e., sedentary behavior) may be prevented.
Another measure of vascular function, arterial stiffness, is a sensitive predictor of
cardiovascular health24. While FMD provides information about the function of the endothelium,
arterial stiffness can be used to assess the function of a vessel branch as a whole. Overall, arterial
stiffness refers to the material properties of the arterial wall and can be affected by passive (i.e.,
arterial wall fiber composition & heart rate) and active (i.e., endothelial function and vascular
smooth muscle tone)25. Arterial stiffness increases with aging, and physical inactivity accelerates
this progression26. The gold standard measure of arterial stiffness is pulse wave velocity (PWV);
which directly measures the velocity of pulsatile blood flow through an arterial segment. An
increase in PWV indicates an increase in arterial stiffness. Data from our laboratory indicate that
PWV in the femoral artery increases during prolonged inactivity27. However, increasing shear
stress in the artery reduces arterial stiffness28. Therefore, like FMD, the pathological increases in
PWV during prolonged sitting may be ameliorated by increasing shear stress, but this has not been
tested.
Endothelin-1 (ET-1) is a potent vasoconstrictor that is highly correlated with oxidative
stress and endothelial dysfunction. There is some indirect evidence that vascular dysfunction in
the lower limbs occurs due to increased oxidative stress11. It has also been suggested that prolonged
sitting disrupts the bioavailability of nitric oxide, a potent vasodilatory agent, thereby reducing
FMD14,29. ET-1 expression is highly upregulated following long bouts of inactivity30 and likely
plays a causal role in the development of lower limb vasculopathies (e.g., peripheral artery disease)
associated with prolonged sitting7. ET-1 also represents a systemic vascular response and can be
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utilized as proxy for vasoconstrictor tone30. However, it is unknown if ET-1 expression is
attenuated when arterial angulations is modified during long bouts of inactivity.
Research regarding vascular dysfunction has rarely considered the influence of biological
sex5,14. Recently, the National Institutes of Health set forth guidelines dictating that biological sex
should be considered a variable of interest when investigating physiological phenomena31.
Biological sex is important to consider in research regarding vascular function because females
tend to have increased conduit artery shear rate at rest 18 and greater FMD32 which may provide
more vascular protection14. In addition, both arterial stiffness33 tends to be lower and FMD18 tends
to be higher in females18. Moreover, there is some evidence that females experience microvascular
(measured by hyperemic shear rate), but not macrovascular (measured by FMD), impairments
following prolonged sitting14. In contrast, males experience both mircrovascular and
macrovascular impairments following sitting14. Therefore, it is important to determine if the
practical interventions intended to attenuate vascular dysfunction associated with long-duration
sitting are influenced by biological sex.
The overall aim of this study is to better understand the influence of interventions that
influence shear stress (local heating), arterial angulations (sitting vs standing), and biological sex
on sitting-induced vascular dysfunction.
Using standing to counteract the effects of sitting
Standing workstations have been promoted as a healthier alternative to sitting34, because
standing may attenuate sitting-induced reductions in FMD13. Arterial angulation may be the
primary culprit underlying this change. The seated position makes hip and knee joints bend to 90º,
which severely reduces leg blood flow compared to supine (0º angle)13. This would suggest that
proximal arterial bending reduces lower limb blood flow and could explain the vascular
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dysfunction with sitting. Elimination of these arterial angulations with standing may reduce
turbulent blood flow in the femoral artery compared with sitting19.
Many of the same mechanisms involved with arterial dysfunction that occur with sitting
(i.e., vasoconstriction and reduced shear rate) also occur during standing16,35. For example, lower
limb edema often occurs after long periods of sitting or standing, and lower limb edema has been
linked to a reduction in FMD8. This is due to the activation of a venous distension (i.e., edema)
mechanism that evokes sympathetic activation thereby causing arterial vasoconstriction36.
Elimination of the muscle pump exacerbates sympathetic activation. Physical inactivity such as
prolonged sitting or standing therefore can increase sympathetic activation and worsen arterial
vasoconstriction in the lower limbs37. Standing also leads to decreased shear rate over time in a
similar fashion to sitting13. However, none of the studies investigating the effects of standing has
measured the degree of edema that occurs during standing or how this compare to sitting 13.
Preliminary data from our laboratory indicate that lower limb PWV increases ~10% after
just 2 hours of standing in both males and females27. There is a gap in the literature documenting
the specific effects of prolonged standing on both local (FMD and PWV) and systemic vascular
function (ET-1). Therefore, this study set out to determine both the local (PWV and FMD) and
systemic (ET-1) vascular responses to both sitting and standing. Specific aim A provides multiple
lines of mechanistic evidence for why standing may, or may not, be beneficial for vascular
function.
Local heating to manipulate blood flow, thus counteracting the effects of sitting
Prolonged standing13 and sitting8 reduces shear rate in the lower limb arteries. During
prolonged inactivity, venous transmural pressure increases which induces a venoarteriolar
response resulting in vasoconstriction and reduced blood flow to the limbs 38. Local heating of the
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lower limb is an effective stimulus for dilating blood vessels, and attenuates the venoarteriolar
resposne39. Further, FMD improves when the shear rate increases during sitting through local
heating12. These effects are also localized and have not been documented to produce major
systemic cardiovascular effects8,15. However, it is unknown if increasing shear rate during
prolonged standing affects vascular function. It is possible that local heating with standing could
counteract the detrimental sides of standing (discussed above) while also having the advantage of
no arterial angulation.
It is possible that gravitational forces, due to the upright position, within the leg vasculature
provokes blood to pool within the venous circulation. In this regard, calf circumference increases
during sitting8,12,16, indicating that blood is pooling in the lower limbs. This is likely exacerbated
by reduced skeletal muscle activity during sitting, which eliminates any contribution of the muscle
pump in facilitating venous return37. However, both Padilla et al15 and Teixeira et al6 utilized a hot
water bath to heat the foot during prolonged sitting. The increased hydrostatic pressure from the
water may have also assisted in venous return thereby confounding the determination of the
underlying mechanism. Other factors that may contribute to an increase in leg vascular resistance
during an orthostatic stress, such as sitting, are venous distension-induced arterial constriction and
increased hydrostatic pressure-induced myogenic constriction40. In addition, given that muscle
sympathetic nerve activity is greater in the upright position compared with supine41, adrenergic
vasoconstriction may also contribute to the increased leg vascular resistance. Further research is
needed to determine the mechanisms by which sitting increases leg vascular resistance. A better
understanding of these mechanisms is needed to develop strategies to prevent increased leg
vascular resistance and thus the reduction in blood flow and shear during sitting.
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Local heating of the lower limbs is an effective stimulus for dilating blood vessels 39, and
increases shear rate without producing major systemic cardiovascular effects8,15. Therefore, local
heating should not affect systemic vasoconstrictor responses (i.e., ET-1). However, previous
studies utilized hot water baths 6,12 which makes it difficult to separate the effects of the hydrostatic
pressure from the water and the local heating. This is important because even if prolonged standing
is not beneficial for localized vascular function (FMD or PWV) this study would provide
mechanistic evidence that maintenance of shear rate is vital to sustaining FMD regardless body
position (i.e., sitting or standing).
Influence of biological sex on vascular dysfunction
Prolonged sitting tends to induce vascular dysfunction differently in males and females 14.
Reductions in FMD appear to be attenuated in females compared to males. Microvascular function
however is significantly reduced in both males and females. Vranish et al14 were not able to
speculate as to why these divergent responses occurred. However, after just 2 hours of standing,
both males and females have similar reductions in shear rate14, which is the primary mechanisms
behind vascular dysfunction associated with prolonged sitting12. Therefore, despite having similar
stimuli (reductions in shear rate) females seem to be protected, at least partially, from sittinginduced vascular dysfunction.
Very few studies to date have considered biological sex as potential variable of interest 5,14.
Studies demonstrating the effectiveness of standing and local heating over sitting primarily used
males12,13. Therefore, it is unknown if increasing shear rate through local heating, or prolonged
standing, affect males and females differently. Interventions aimed at preventing sitting induced
vascular dysfunction may lead to responses that are different between biological sexes. Therefore,
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specific Aim C examined the influence of biological sex on interventions aimed to ameliorate or
attenuate sitting-induced vascular dysfunction.
Less than half of the studies on sitting induced vascular dysfunction have included females
in their study samples (Table 1). In the studies that have included females in the sample (n=6
studies) only one has examined potential differences between the sexes 14. This is particularly
worrisome considering female participants are partially protected from sitting induced vascular
dysfunction. Moreover, sex has not been considered as a biological variable when considering
possible interventions for sitting induced vascular dysfunction. Considering vascular dysfunction
manifests differently in male and female participants then it follows that biological sex may
interact with the interventions such as standing or local heating.
Conclusions
Overall, there appears to be two seemingly conflicting theories on how sitting induced
vascular dysfunction can be prevented. There is some evidence that reduced shear stress during
prolonged sitting causes vascular dysfunction12. Walking breaks4, fidgeting16, and passive heating6
all appear to provide some amount of vascular protection but other factors, outside of shear stress,
may have also played a role. On the other hand, standing, wherein there are no changes in shear
stress, also appears to provide some protection13. The mechanistic evidence appears to indicate
that the bending of the arteries, even in the supine position, can induce vascular dysfunction 20.
However, no studies to date have considered the influence of biological sex.
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Table 1. Previous Investigations of Interventions to Prevent Vascular Dysfunction (Cont.)
Article

Approach

Result

Conclusion

Restaino et

2 trials; 6h of

Brachial FMD was

Changes in FMD with

al., 20158

uninterrupted sitting or

unaffected by either

prolonged sitting are

followed by a 10-min

trial. However,

localized to the lower

walking bout; FMD at

popliteal FMD was

limb arteries and

popliteal and brachial

reduced after sitting

physical activity

artery (N=10; all male)

but restored with a

inhibits this response.

10-min walking
bout
Restaino et

1 leg heated with

Shear rate was

The modification of

al., 201612

contralateral leg acting

~50% lower in the

shear stress through

as control during 3h of

control leg. Further,

passive heating was

sitting. Goal was to

FMD increased in

sufficient to prevent

observe if modifying

the heated leg (~3%)

sitting induced

shear stress (heating)

and decreased in the

endothelial dysfunction.

prevented endothelial

control leg (~4%)

dysfunction (N=10; all
male)
S. S. Thosar

2 trials; 3h of sitting

Femoral artery FMD

There is some evidence

et al., 201511

with and without

was reduced by ~4%

that antioxidant

vitamin C

after 3h of sitting

capacity may play a

supplementation to

but there was no

role in sitting induced

determine if antioxidant

change when

endothelial dysfunction

content affects (N=12;

vitamin C was

all male)

supplemented
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Table 1. Previous Investigations of Interventions to Prevent Vascular Dysfunction (Cont.)
Article

Approach

Result

Conclusion

S. S. Thosar

2 trials; 3h of sitting or

Femoral artyer FMD

Very light activity

et al., 20154

3h sitting with 5-min

was reduced by ~4%

breaks (2 mph) were

walking breaks every

but walking breaks

sufficient to prevent

30-min (N=12; all

prevented reductions

reductions in FMD and

male)

in shear stress and

shear stress during 3-h

FMD

of sitting

Morishima

1 leg forced to

Popliteal artery

Sitting induced

et al., 201616

continually fidget with

FMD decreased

endothelial dysfunction

contralateral leg acting

(~3%) in the control

is prevented by minimal

as a control. Could

leg but increased

leg movement. The

movement preserve

with fidgeting

mechanism behind this

FMD (N=11; n=4

(~3%)

change is likely

female)

increases in shear stress
from the leg movement.

Morishima

3 trials; sitting for 3h,

Shear rate responses

Prior exercise is an

et al., 201713

standing for 3 h, or 45

were similar

effective stimulus to

minutes of cyling at

between sitting and

prevent reductions in

70% HRmax (N = 15;

standing, but prior

FMD, but standing may

n=5 female)

exercise initially

be viable substitute

increased shear rate.
Popliteal FMD was
preserved.
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Table 1. Previous Investigations of Interventions to Prevent Vascular Dysfunction (Cont.)
Article

Approach

Result

Conclusion

Walsh et al.,

3 hours of lying down

Mean blood flow

The bent leg position,

201720

with 1 leg straight and

and shear rate were

regardless of body

the contralateral leg

reduced in the bent

position, causes

bent (N=12; n=4

leg, and FMD was

endothelial dysfunction

female)

reduced in the bent

at the popliteal artery

leg.
Vranish

et

al., 201714

1 trial; 3h of sitting

Shear rate and

Females were protected

(N=20; n=12 female)

edema were similar

from endothelial

between males and

dysfunction despite

females. However,

similar changes in shear

males had reduced

stress and edema.

FMD (~5%), but not

However, the

females (~2%; non-

microvascular response

significant). Both,

was reduced in both

however,

males and females.

experienced reduced
microvascular
function
Caldwell et

2 trials; 2h of standing

No change in central

Changes during

al., 201827

and standing with

or upper peripheral

prolonged standing are

walking breaks (N=19;

PWV. Lower

localized to the lower

n=7 female)

peripheral arterial

limbs. However,

stiffness increased

walking breaks still

independent of trial.

increased lower
peripheral arterial
stiffness
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Table 1. Previous Investigations of Interventions to Prevent Vascular Dysfunction (Cont.)
Article

Approach

Result

Conclusion

McManus et

2 trials; 3h of prolonged

Femoral artery FMD

Femoral artery FMD

al., 20155

sitting or sitting with 10

decreased (~2%)

decreases in young

minutes of exercise

after 3h of sitting

(pre-puberty) females

every 1h; young, age 9,

but no differences

after 3h of sitting.

girls (n=9; all girls)

with intermittent

Exercise is effective at

exercise. No

diminishing this

difference in shear

difference. This occurs

rate between trials.

despite no differences
in shear rate.

Boyle et al.,

5-day intervention were

Popliteal artery

Reductions in physical

20135

steps reduced to <5k

FMD reduced by

activity can lead to

per day (N=11; all

4%, but no

immediate decreases in

male). FMD assessed at

difference in the

baseline (i.e., not

brachial and popliteal

brachial artery.

immediately following

artery

prolonged sitting) FMD
localized to the lower
limbs

Teixeira
al, 20176

et

5-day intervention were

Mean shear rate

Reductions in popliteal

steps reduced to <5k

increased in the

FMD from reduced

per day (N=13; all

heated. Popliteal

physical activity are

male). However, 1 leg

FMD was reduced

likely caused by

was heated and the

~3% in the unheated

reductions in shear

other leg acted as a

leg while it was

stress from prolonged

control. FMD assessed

preserved in the

inactivity.

at the popliteal artery

heated leg.
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Table 1. Previous Investigations of Interventions to Prevent Vascular Dysfunction (Cont.)
Article

Approach

Result

Conclusion

Ballard et al,

2 trials; 3h of sitting,

Mean shear rate

Femoral FMD is

201710

and 3h of sitting with

decreased in both

preserved in males

45 min of prior jogging

trials, but there was

following prolonged

(65% VO2max).

initially higher shear

sitting when this bout is

Femoral FMD and

rate in the exercise

preceded by exercise.

endothelial-1 measured

trial. Femoral FMD

However, this

(N=11; all male)

was reduced

protection occurs

following sitting,

independent of changes

but this was

in endothelin-1.

prevented with prior
exercise.
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III. Methods
Non-obese males and females between the ages of 18-40 years old were recruited to
participate in this study. Exclusionary criteria included previous history of cardiovascular issues,
hypertension, current drug use that can affect endothelial function (i.e., SSRIs, β-blockers, nitrates,
and calcium channel blockers), obesity (BMI>30 kg/m2), smoking, or a history of problems with
fainting or dizziness21,42. To control for the effects of the menstrual cycle, female participants were
only included if they were taking regular monophasic hormonal contraception21,42.
Experimental Protocol
At a familiarization visit, participants signed an informed consent was approved by the
University of Arkansas Institutional Review Board, and completed a medical history
questionnaire. In accordance with current guidelines for FMD 21,42, participants were asked to
refrain from alcohol and exercise for 8 hours, and food for 6 hours prior to each experimental trial.
Pre-test compliance was verified with a 24-hour history questionnaire.
A schematic of the protocol design is in Figure 1 (below). Each participant completed two
experimental trials (completed in random counterbalanced order): sitting (2 hours of sitting),
standing (2 hours of standing). Moreover, in each trial one leg was passively heated while another
acted as a control. This methodology provides a time control and is often used in this area of
research4,8,12,13,20. Further, previous literature has demonstrated 2 hours is sufficient to induce
observable vascular dysfunction during sitting4, and internal pilot data has indicated that standing
for > 2 hours is not tolerable for many individuals. In the standing trial, participants stood while
watching television while in the sitting trial participants remained in a standard phlebotomy chair
while watching television.
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Immediately before and after each trial, participants laid supine, on a padded phlebotomy
chair and rested for 20 minutes prior to the measurement of baseline FMD, shear rate, blood
pressure and heart rate. This rest period provided subject stabilization prior to FMD21. Ultrasound
imaging (for shear rate measures) at the superficial femoral artery (SFA), and other cardiovascular
measures (described below) was measured at minutes 10, 25, 55, and 115 of each trial. Blood
pressure and heart rate measurements were obtained in duplicate during measurements of shear
rate and FMD.

Figure 1. Study Design. Dashed lines represent the measurement of shear rate and blood flow at
the superficial femoral artery (both legs) over the course of 2 minutes. During each trial, one leg
was heated via a water-perfused pant leg circulating 49° C water. Trials (sitting vs standing) and
passive heating (left leg vs right leg) were completed in a randomized, counter-balanced order.
Experimental Measures
Local heating. In each trial, one leg randomly assigned to the passive heating condition
wherein a water-perfused, tube-lined pantleg covered the leg assigned to the local heating
condition from the ankle to the knee (Allen-Vanguard, Ottawa, Canada). The suit permits control
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of skin temperature by changing the temperature of the water perfusing the suit. The local heating
leg, after baseline measures, had hot water (49°C) perfuse the pants throughout the standing or
sitting bout. Skin temperature was recorded on both legs at the thigh (midway between the patella
and femoral head), lateral calf (midway between the lateral malleolus and head of the fibula), and
on the anterior of the foot using six (three on each leg), small, wireless thermichrons that recorded
skin temperature (iButtons, Maxim Integrated, San Jose, CA).
Pulse wave velocity. Arterial stiffness was indexed using PWV, which is the preferred
method25. Central PWV was calculated from the carotid and femoral arteries, while Peripheral
PWV of the lower limb was calculated from femoral and dorsalis pedis arteries (Figure 2). PWV
was measured with Doppler ultrasound (GE GoldSeal LOGIQ eBT08) using the foot-to-foot
method43. Specifically, PWV was calculated as the distance between measurement sites divided
by the time delay between the two waveforms. A three-lead ECG was utilized to calculate the time
delay from the R-wave to the foot of the pulse wave. The distance between arterial sites for PWV
was calculated as the direct distance between the femoral and dorsalis pedis sites. Distances
between sites was calculated for each individual trial by measuring from the distal edge of the
ultrasound probe with a retractable cloth tape measure. All PWV measures were performed on
both sides of the body (left and right) in each trial with consistent probe location being assured by
marking the skin with a surgical marker.
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Figure 2. Pulse Wave Velocity (PWV) measurements. PWV was assessed at three different sites
(carotid, femoral, and dorsalis pedis) on both sides (left or right) of the body (six total). Clips at
each site recorded at least 10 cardiac cycles. The distance between two sites (carotid-to-femoral or
femoral-to-dorsalis pedis) was recorded and used to calculate the pulse wave velocity
(distance/time delay).
In this study, upright (sitting and standing) measures of PWV were obtained. Body posture
influences hemodynamic regulation of parameters related to arterial stiffness44, but measuring
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arterial stiffness in the upright position is considered reliable45. Therefore, upright measures were
only compared to other upright measures. Measurement site order was randomized between
participants but consistent within-participant for each trial.
Flow-mediated dilation & shear rate measurements. All FMD and shear rate
measurements were obtained at the SFA on both legs (Figure 3). Artery diameter and blood
velocity was measured using duplex-Doppler ultrasound. Simultaneous diameter and velocity
signals were obtained in duplex21.

Figure 3. Flow-mediated dilation (PWV) measurement. FMD was assessed at the superficial
femoral artery (SFA) on both sides (left or right) of the body.
During the standing or sitting bouts, ultrasound videos to measure shear rate and artery
diameter at the SFA were recorded for one minute. These ultrasound images were analyzed with
antegrade (forward moving) and retrograde (backward moving) shear rate being recorded as well
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as artery diameter. Prior to FMD measurement, an automatic rapid inflation cuff (E-20 rapid cuff
inflator; D.E. Hokanson, Bellevue, WA) was placed on their right thigh directly distal to the knee
joint, and, therefore, distal to the SFA recording location. After baseline FMD was assessed, the
placement of the ultrasound probe was marked with a surgical pen to ensure consistency of
subsequent measurements. Two minutes of baseline hemodynamics was recorded, the cuff was
then inﬂated to a pressure of 250 mmHg for 5 minutes, and the vasodilatory response was then be
recorded for 5 minutes after cuff release. A validated46 software (FMD Studio, Quipu, Pisa, Italy)
for beat-to-beat analysis vessel wall detection and quantification of shear rate47 was utilized. Shear
rate was calculated from the blood flow velocity and frame-by-frame vessel diameter from the
duplex ultrasound, as previously reported21. Furthermore, in order to account for allometric
scaling, the slope between baseline diameter and maximal diameter was assessed48. Overall, the
slope between these diameters was 0.89 and this slope was consistent between groups and time
points. Therefore, FMD was calculated as 𝐹𝑀𝐷 =

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑎𝑥𝑖𝑚𝑢𝑚
0.89
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

consistent with previously

reported adjustments for allometeric scaling49.
Other Cardiovascular Measures. Participants were fitted with an automated blood
pressure cuff (Tango+; SunTech Medical, Inc., Morrisville, NC, USA) placed on the right brachial
artery to obtain blood pressure via electrosphygmomanometry. Mean arterial pressure (MAP) was
calculated as two-thirds diastolic pressure plus one-third systolic pressure and averaged from
duplicate blood pressure measurements taken a teach time point. Blood pressure and HR
measurements were taken in duplicate during measurements of shear rate, and FMD.
Measurement of Venous Pooling. Similar to previous research8,16, we measured the
circumference of the ankle at baseline (supine) and post (at the end of sitting or standing) using a
cloth tape measure. . In addition, the exact change in calf circumference were measured using
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plethysmography (EC6 Strain Gauge & Photo-plethysmography System, D.E. Hokanson Inc,
Bellevue, WA), which can detect even minute changes in calf circumference via change in the
tension of the plethmysmyography wire. Plethysmograph data was continuously recorded to a
computer using LabChart (ADInstruments, Colorado Springs, CO, USA). This allowed for a more
accurate comparisons of venous edema between conditions. Venous pooling was quantified as
change in calf (mV; plethysmograph) and ankle (cm; cloth tape) circumference.
Quantifying Movement. Sudden changes in calf circumference due to movement can be
detected via the plethysmograph considering this device continuously records calf circumference.
Movement was quantified via manual visual inspection of the plethmyograph data with any 0.05
mV increase or decrease within 1 second being counted as a movement. Further, the root mean
square error of plethmyograph data for each trial was calculated as a proxy for movement with
greater root mean square error (of the grand mean for plethysmograph tension throughout the trial)
indicating more movement.
Endothelin-1. Blood samples were collected using single use, winged blood collection
needles (Vacuette safety blood collection set, VWR International, Radnor, PA) into serum
separator tubes (BD Hemogard, VWR International, Radnor, PA). Samples set upright to clot for
30 minutes, and centrifuged. Serum aliquots were then immediately obtained and stored at -80ºC.
Serum ET-1 concentration were then determined using a solid phase sandwich enzyme-linked
immunoassay (ELISA; R&D Systems, Minneapolis, MN).
Statistical Analysis
Each specific aim of this study was analyzed using linear mixed model to analyze
differences in shear rate, blood flow, and FMD between trials (i.e. condition: sitting vs. standing,
or heating vs. no heating) and subjects (i.e., sex) while controlling for baseline values (i.e.,
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covariate). Using simulations generated in R (10000 iterations) based on effect sizes observed in
previous research, and our own laboratory data, with an alpha of 0.05 adequate power (β=0.20) to
detect a 0.5 SD difference between conditions, also assuming a strong correlation between
dependent measures (r = .7), can be achieved with a sample size of 24 participants with 12
participants from each sex.
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IV. Manuscript #1: The Combined Effects of Standing and Passive Heating on Attenuating
Sitting Induced Vascular Dysfunction
Aaron R. Caldwell*, Lisa T. Jansen, Megan E. Rosa-Caldwell, Erin K. Howie, Kaitlin M.
Gallagher, Ronna C. Turner, Matthew S. Ganio
Exercise Science Research Center, University of Arkansas, Fayetteville, AR, USA
*The majority of this work was completed by the lead author (ARC)
Abstract
Purpose: The purpose of these studies was to determine if arterial angulations (through sitting or
standing), shear stress (through local heating), or a combination of these factors affected vascular
function. Methods: Twenty-six healthy, young (18-40 years old) adults participated. Participants
completed two experimental trials (2-h sitting and 2-h standing). Furthermore, in a randomized
fashion, one leg was passively heated in order to increase shear rate. Flow-mediated dilation
(FMD) at the superficial femoral artery (SFA), and central and peripheral pulse-wave velocity
(PWV) were measured using vascular ultrasound. Endothelin-1 (ET-1) was analyzed using an
enzyme-linked immunoassay (ELISA). Results: There was a non-significant decrease in FMD (1.48%; p = .06) during sitting. Further, standing resulted in a significant increase in peripheral
PWV (50 cm/s; p = .03) but not during sitting (p = .94). Overall, passive heating (1.42%; p < .05)
and standing (1.42%; p < .05) both improved FMD in comparison to sitting. However, neither
interventions attenuated the increases in peripheral PWV that occurred during standing (p > .05).
ET-1 did not increase over the course of either trial (p > .05). Antegrade shear rate increased (p <
.001) when the leg was passively heated, and retrograde stress decreased (p < .001) during passive
heating or when the participant was standing. Further, there was vasoconstriction during standing
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compared to sitting (0.28 mm; p < .001). Conclusions: Overall, both interventions appear to be
equally effective at improving FMD. However, standing increased peripheral PWV and passive
heating did not attenuate this response.
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Introduction
Prolonged periods of sitting (>1 hour) appear to directly cause vascular dysfunction1. When
physically active adults are restricted to sitting for five days significant vascular dysfunction begins
to manifest2,3. While there is a clear negative impact of sitting, the specific mechanisms involved
in the development this “proatherogenic hemodynamic environment”4 are largely unknown
thereby making it difficult to develop strategies to counteract sitting induced vascular dysfunction.
Over the past decade, evidence has been mounting that vascular dysfunction develops very
quickly in just a few hours of inactivity. In 1-to-4 hours, sitting reduces vascular function, as
measured by flow mediated dilation (FMD), by up to 4%1,5. There also appears to be a systemic
vasoconstrictor response, as evidenced increases in endothelin-1(ET-1), after 2 hours of sitting6.
In addition, arterial stiffness, as measured by pulse wave velocity (PWV), increases in the lower
limbs after 2 hours of standing7.
Current evidence suggest that the two primary factors that modify vascular function during
prolonged sitting are shear rate (i.e., directional force of blood flow along the vessel wall) and
arterial angulation (i.e., bending of the artery due to limb position)8. FMD in particular seems to
be sensitive to both factors9,10. However, lower limb arterial stiffness appears to increase even in
the absence of arterial bending (i.e., during standing) 7.
Standing workstations have been promoted as a healthier alternative to sitting11, because
standing may attenuate sitting-induced reductions in FMD10. The arterial angulation that occurring
during sitting may be the primary culprit underlying causing sitting induced vascular dysfunction.
The hip and knee joints bend to 90º in the seated position. Leg blood flow is severely reduced
when the legs are bent at the knee compared to when individuals are fully supine (0º angle) 10. This
would suggest that proximal arterial bending reduces lower limb blood flow and could explain

34

much of the vascular dysfunction that occurs after sitting. Elimination of these arterial angulations,
by standing, may reduce turbulent blood flow in the femoral artery compared with sitting12.
Prolonged standing10 and sitting5 reduce shear rate in the femoral artery. When local
heating is applied during prolonged siting, FMD increases because antegrade (forward moving)
shear rate is increased and retrograde (backward moving) shear rate is reduced 3,9. Further, local
heating does not appear to produce major systemic cardiovascular effects3. However, it is unknown
if increasing shear rate during prolonged standing affects vascular function. It is possible that local
heating with standing could counteract the detrimental sides of standing (e.g., increased arterial
stiffness).
Currently, there is a gap in the literature documenting the specific effects of prolonged
standing on both local (FMD and PWV) and systemic vascular function (ET-1). Therefore, the
purpose of this study is to determine the local (PWV and FMD) and systemic (ET-1) vascular
responses to both sitting and standing. We hypothesized that standing, compared to sitting, would
attenuate reductions in FMD compared to sitting (i.e., interaction between time and trial) due to
the removal of the arterial angulations that in turn reduce retrograde shear rate. However, we also
hypothesized that PWV and ET-1 responses would be similar between sitting and standing due to
increased vasoconstriction. Lastly, we hypothesized that local heating would increase shear rate
and lead to improvements in FMD and PWV compared to sitting or standing without local heating.
Methods
Non-obese males and females between the ages of 18-40 years old were recruited to
participate in this study. Exclusionary criteria included previous history of cardiovascular issues,
hypertension, current drug use that can affect endothelial function (i.e., SSRIs, β-blockers, nitrates,
and calcium channel blockers), obesity (BMI>30 kg/m2), smoking, or a history of problems with
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fainting or dizziness13,14. To control for the effects of the menstrual cycle, female participants were
only included if they were taking regular monophasic hormonal contraception13,14. A description
of the sample can be found within Table 1.
Experimental Protocol
At a familiarization visit, participants signed an informed consent was approved by the
University of Arkansas Institutional Review Board, and completed a medical history
questionnaire. In accordance with current guidelines for FMD 13,14, participants were asked to
refrain from alcohol and exercise for 8 hours, and food for 6 hours prior to each experimental trial.
Pre-test compliance was verified with a 24-hour history questionnaire.
A schematic of the protocol design is in Figure 1 (below). Each participant completed two
experimental trials (completed in random counterbalanced order): sitting (2 hours of sitting),
standing (2 hours of standing). Moreover, in each trial one leg was passively heated while another
acted as a control. This methodology provides a time control and is often used in this area of
research1,5,9,10,15. Further, previous literature has demonstrated 2 hours is sufficient to induce
observable vascular dysfunction during sitting1, and internal pilot data has indicated that standing
for > 2 hours is not tolerable for many individuals. In the standing trial, participants stood while
watching television while in the sitting trial participants remained in a standard phlebotomy chair
while watching television.
Immediately before and after each trial, participants laid supine, on a padded phlebotomy
chair and rested for 20 minutes prior to the measurement of baseline FMD, shear rate, blood
pressure and heart rate. This rest period provided subject stabilization prior to FMD13. Ultrasound
imaging (for shear rate measures) at the superficial femoral artery (SFA), and other cardiovascular
measures (described below) was measured at minutes 10, 25, 55, and 115 of each trial. Blood
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pressure and heart rate measurements were obtained in duplicate during measurements of shear
rate and FMD.
Experimental Measures
Local heating. In each trial, one leg randomly assigned to the passive heating condition
wherein a water-perfused, tube-lined pantleg covered the leg assigned to the local heating
condition from the ankle to the knee (Allen-Vanguard, Ottawa, Canada). The suit permits control
of skin temperature by changing the temperature of the water perfusing the suit. The local heating
leg, after baseline measures, had hot water (49°C) perfuse the pants throughout the standing or
sitting bout. Skin temperature was recorded on both legs at the thigh (midway between the patella
and femoral head), lateral calf (midway between the lateral malleolus and head of the fibula), and
on the anterior of the foot using six (three on each leg), small, wireless thermichrons that recorded
skin temperature (iButtons, Maxim Integrated, San Jose, CA).
Pulse wave velocity. Arterial stiffness was indexed using PWV, which is the preferred
method16. Central PWV was calculated from the carotid and femoral arteries, while Peripheral
PWV of the lower limb was calculated from femoral and dorsalis pedis arteries. PWV was
measured with Doppler ultrasound (GE GoldSeal LOGIQ eBT08) using the foot-to-foot method17.
Specifically, PWV was calculated as the distance between measurement sites divided by the time
delay between the two waveforms. A three-lead ECG was utilized to calculate the time delay from
the R-wave to the foot of the pulse wave. The distance between arterial sites for PWV was
calculated as the direct distance between the femoral and dorsalis pedis sites. Distances between
sites was calculated for each individual trial by measuring from the distal edge of the ultrasound
probe with a retractable cloth tape measure. All PWV measures were performed on both sides of

37

the body (left and right) in each trial with consistent probe location being assured by marking the
skin with a surgical marker.
In this study, upright (sitting and standing) measures of PWV were obtained. Body posture
influences hemodynamic regulation of parameters related to arterial stiffness18, but measuring
arterial stiffness in the upright position is considerd reliable 19. Therefore, upright measures were
only compared to other upright measures. Measurement site order was randomized between
participants but consistent within-participant for each trial.
Flow-mediated dilation & shear rate measurements. All FMD and shear rate
measurements were obtained at the SFA on both legs. Artery diameter and blood velocity was
measured using duplex-Doppler ultrasound. Simultaneous diameter and velocity signals were
obtained in duplex13. During the standing or sitting bouts, ultrasound videos to measure shear rate
and artery diameter at the SFA were recorded for one minute. These ultrasound images were
analyzed with antegrade (forward moving) and retrograde (backward moving) shear rate being
recorded as well as artery diameter. Prior to FMD measurement, an automatic rapid inflation cuff
(E-20 rapid cuff inflator; D.E. Hokanson, Bellevue, WA) was placed on their right thigh directly
distal to the knee joint, and, therefore, distal to the SFA recording location. After baseline FMD
was assessed, the placement of the ultrasound probe was marked with a surgical pen to ensure
consistency of subsequent measurements. Two minutes of baseline hemodynamics was recorded,
the cuff was then inﬂated to a pressure of 250 mmHg for 5 minutes, and the vasodilatory response
was then be recorded for 5 minutes after cuff release. A validated20 software (FMD Studio, Quipu,
Pisa, Italy) for beat-to-beat analysis vessel wall detection and quantification of shear rate 21 was
utilized. Shear rate was calculated from the blood flow velocity and frame-by-frame vessel
diameter from the duplex ultrasound, as previously reported13. Furthermore, in order to account
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for allometric scaling, the slope between baseline diameter and maximal diameter was assessed 22.
Overall, the slope between these diameters was 0.89 and this slope was consistent between groups
and time points. Therefore, FMD was calculated as 𝐹𝑀𝐷 =

𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑎𝑥𝑖𝑚𝑢𝑚
0.89
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

consistent with

previously reported adjustments for allometeric scaling 23.
Other Cardiovascular Measures. Participants were fitted with an automated blood
pressure cuff (Tango+; SunTech Medical, Inc., Morrisville, NC, USA) placed on the right brachial
artery to obtain blood pressure via electrosphygmomanometry. Mean arterial pressure (MAP) was
calculated as two-thirds diastolic pressure plus one-third systolic pressure and averaged from
duplicate blood pressure measurements taken a teach time point. Blood pressure and HR
measurements were measured in duplicate during measurements of shear rate, and FMD.
Measurement of Venous Pooling. Similar to previous research5,24, we measured the
circumference of the ankle at baseline (supine) and post (at the end of sitting or standing) using a
cloth tape measure. . In addition, the exact change in calf circumference were measured using
plethysmography (EC6 Strain Gauge & Photo-plethysmography System, D.E. Hokanson Inc,
Bellevue, WA), which can detect even minute changes in calf circumference via change in the
tension of the plethmysmyography wire. Plethysmograph data was continuously recorded to a
computer using LabChart (ADInstruments, Colorado Springs, CO, USA). This allowed for a more
accurate comparisons of venous edema between conditions. Venous pooling was quantified as
change in calf (mV; plethysmograph) and ankle (cm; cloth tape) circumference.
Quantifying Movement. Sudden changes in calf circumference due to movement can be
detected via the plethysmograph considering this device continuously records calf circumference.
Movement was quantified via manual visual inspection of the plethmyograph data with any 0.05
mV increase or decrease within 1 second being counted as a movement. Further, the root mean
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square error of plethmyograph data for each trial was calculated as a proxy for movement with
greater root mean square error (of the grand mean for plethysmograph tension throughout the trial)
indicating more movement.
Endothelin-1. Blood samples were collected using single use, winged blood collection
needles (Vacuette safety blood collection set, VWR International, Radnor, PA) into serum
separator tubes (BD Hemogard, VWR International, Radnor, PA). Samples set upright to clot for
30 minutes, and centrifuged. Serum aliquots were then immediately obtained and stored at -80ºC.
Serum ET-1 concentration were then determined using a solid phase sandwich enzyme-linked
immunoassay (ELISA; R&D Systems, Minneapolis, MN).
Statistical Analysis
To compare the simple effects of sitting vs standing, a linear mixed model (lme4 package;
R programming language) with time and trial as factors was utilized (time x trial) while the passive
heating data was excluded in order to compare the simple main effect of sitting and standing alone
without the possible moderating effect of passive heating. In order to compare the differences
between interventions, a linear mixed model was utilized to analyze differences in shear rate, blood
flow, and FMD between trials (i.e. condition: sitting vs. standing, or heating vs. no heating) while
controlling for baseline values (i.e., baseline time varying covariate25). HR and MAP were
compared using simple multivariate repeated measures model (i.e., no baseline covariate). When
a significant main effect or interaction was observed, the estimated marginal means were then
inspected for significant pairwise comparisons. When significant effects were observed differences
are reported as the mean difference with 95% confidence interval (95% C.I.). For results in
arbitrary units (i.e., measures of movement), effects were reported with the standardized effect size
Cohen’s dz. Significance was set at p < .05.
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Results
Mean Arterial Pressure and Heart Rate
There was a main effect of time and trial on MAP, but non-significant interaction between
time and trial (Table 2). Overall, MAP was elevated from the supine measures (baseline and post)
during standing or sitting (8.4 mmHg 95% C.I. [6.8, 9.9], p < .001) (Figure 2A). Further, standing
resulted in an elevation in MAP compared to sitting (4.9 mmHg 95% C.I. [2.2, 7.7], p < .001).
There was an interaction between time and trial on HR (Table 2). At all upright time points (i.e.,
standing or sitting), HR was greater in the standing trial compared to the sitting trial during all
upright measurements (6 bpm 95% C.I. [2, 9]; p = .004; Figure 2B), but there were no significant
differences at supine (pre-supine or post-supine). Further, HR was higher during all upright
measures compared to the supine measures (19 bpm 95% C.I. [17, 22]; p < .001; Figure 2B).
Skin Temperature
Local passive heating elevated skin temperature at the foot (5.11 ᵒC 95% C.I. [5.05, 5.19]
p < .001), calf (8.93 ᵒC 95% C.I. [8.88, 8.99] p < .001), and thigh (0.63 ᵒC 95% C.I. [0.63, 0.72]
p < .001). There were no differences in skin temperature between sitting and standing (all p >.05),
and there were no differences between trials or condition at baseline (all p > .05). Skin temperature
is provided in Figure 3.
Edema
Ankle circumference, measured via cloth tape measure, increased (0.79 cm 95% C.I. [0.66,
0.92]; p < .001) in both sitting and standing trials (Figure 4A), but this increase was greater in the
limb that was passively heated (0.53 cm 95% C.I. [0.28, 0.77]; p < .001; Figure 4A). Calf
circumference, measured via plethysmography, was not significantly different between the sitting
and standing trials (0.13 mV 95% C.I. [-0.03, 0.29]; Figure 4B).
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Movement
More total movements were detected in the standing trial compared to the sitting trial
(Cohen’s dz = 1.23, p < .001). Further, the root mean square error (a proxy for movement) was
higher in standing trial (Cohen’s dz = 0.65, p = .013).
Hemodynamics during sitting and standing
At the beginning of each trial (10-minutes into sitting or standing), there were no
differences between conditions (heat vs control; p =.66) or trial (sitting vs standing; p = .49) with
respect to shear rate. However, antegrade shear rate (Figure 5A) increased and retrograde shear
rate (Figure 5B) decreased in the passive heating limb. There were significant differences in
antegrade shear rate between control and heated limbs at all other time points (Figure 5A & 5B;
all p < .05). Further, retrograde shear rate was reduced during standing compared to sitting (i.e.,
main effect of trial; 3.1 s-1 95% C.I. [0.23, 5.95]; p = .035). However, superficial femoral artery
diameter was significantly lower in the standing trial (i.e. main effect of trial; 0.29 mm 95% C.I.
[0.09, 0.50]; p = .006).
Pulse Wave Velocity
Effects of Sitting and Standing. When participants were supine (pre- and post-trial)
changes in peripheral PWV were dependent upon trial (time by condition interaction; Table 3)
while there were no significant effects with respect to central PWV (Table 3). Overall, supine
peripheral PWV increased in the standing trial (ΔPre-Post: 50 cm/s 95% C.I. [3, 97]; p = .038)
while there was a non-significant decrease in the sitting trial (ΔPre-Post: -3 cm/s 95% C.I. [-44,
50]; p = .89). When measurements in trial were obtained upright, there was no significant effect
of time or trial (all p > .05; Table 3). However, the sample size was smaller in this condition (n =
17) due to missing data points, and an exploratory comparison of the main effect trial (p = .09)
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indicates that upright peripheral PWV was higher, though non-significant, in the standing trial (74
cm/s 95% C.I. [-12, 120]; p = .09).
Combined effects of heating and standing. Overall, peripheral PWV was higher in the
standing trial whether in the supine (47 cm/s 95% C.I. [13, 80]; p = .011) or upright position (76
cm/s 95% C.I. [21, 132]; p = .007) but there was no effect of passive heating (p > .05; Figure 6C
& 6D). There was no significant effect of trial (sitting vs standing) or passive heating on central
PWV (Figure 6A & 6B).
Flow-Mediated Dilation
Effects of standing and sitting. Overall, there was a non-significant decrease in FMD in
the sitting trial (-1.45 % 95% C.I. [-2.95, .05]; p = .058). However, there was a main effect of trial,
with sitting FMD being significantly lower than standing FMD (-1.25 % 95% C.I. [-2.44, -0.06];
p = .039). Baseline artery diameter (i.e., prior to ischemia) significantly increased in the sitting
trial (0.15 mm 95% C.I. [0.01, .28]; p = .036) and a non-significant decrease (-0.12 mm 95% C.I.
[-0.28, .03]; p = .10) in the standing trial. There were no significant differences in maximum shear
rate during FMD (Table 5).
Combined effects of heating and standing. Overall, there was a main effect of both trial
and intervention (Table 6; both p < .05). Passive heating resulted in higher FMD compared to
control (1.64 % 95% C.I. [0.39, 2.89]; p = .011; Figure 7A), independent of trial (sitting and
standing). Further, standing resulted in higher FMD (1.39 % 95% C.I. [0.13, 2.65]; p = .031; Figure
7A), independent of intervention (passive heating and control). Further, baseline diameter was
lower after the standing trial, independent of intervention (0.24 mm 95% C.I. [0.08, 0.40]; p =
.006). Maximum shear rate during FMD was greater in the passively heated limb, independent of
trial (171 s-1 95% C.I. [36, 305]; p = .014).
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Endothelin-1
Overall, there were no significant changes in ET-1 over to course of 2 hours of sitting (0.56 pg/mL 95% C.I. [-2.26, 1.13]; p = .45), or standing (-0.63 pg/mL 95% C.I. [-2.33, 1.05]; p =
.51). Further, there was no significant differences between the trials, after accounting for baseline
differences, in ET-1 (1.09 pg/mL 95% C.I. [-2.26, 1.13]; p = .51; Figure 8).
Discussion
The primary finding of the present study is that leg endothelial function, as assessed with
FMD, is improved relative to sitting when healthy, young adults, with normal resting FMD, stand
or have the lower limb passively heated. The combination of passive heating and standing
increased FMD compared to standing or passive heating alone possibly indicating a ceiling effect
for these interventions. However, peripheral PWV, an index of lower limb arterial stiffness,
increased during standing but not sitting. Passive heating did not attenuate the increases in
peripheral PWV during standing. These findings indicate that FMD is improved by modifying
shear rate (standing and passive heating) while peripheral PWV increases during standing,
regardless of passive heating.
Shear stress is an important physiological signal for maintaining endothelial health26, and
likely played a causal role in the effect standing and passive heating had on FMD. During passive
heating, antegrade shear rate is increased and retrograde shear rate is reduced (Figure 5A & 5B),
and, interestingly, corresponded with improved FMD compared to sitting alone. Further,
retrograde shear rate is reduced during standing (Figure 5B), compared to sitting alone, which also
corresponded to improved FMD in comparison to sitting alone. Overall, when retrograde shear
rate is increased, FMD is reduced27. In vivo, increased retrograde shear rate promotes the
development of atherosclerosis28. Sitting induced vascular dysfunction, as measured by FMD, is
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eliminated when antegrade shear rate is increased via local heating 9. This supports the view that
sitting-induced leg endothelial dysfunction is mediated by a reduction in shear stress3. Our data
lend support to this hypothesis and confirm that local passive heating is effective at increasing
antegrade shear rate. Further, standing, while it did not increase antegrade shear rate, did reduce
retrograde shear rate in comparison to sitting. The reduction in retrograde shear rate appears to be
enough of a stimulus to improve FMD in comparison to sitting. Further, the combination of
standing and passive heating did not result in differences in shear rate or FMD compared to passive
heating alone (Figure 7).
Recent evidence10 suggested standing may attenuate reductions in FMD associated with
sitting, but other research7 indicates that peripheral PWV increases during prolonged standing. Our
study is in agreement with Caldwell et al7 that effects of standing on arterial stiffness, measured
by PWV, appear to be localized to the lower limbs (Figure 6). This is in agreement with previous
work that demonstrated macrovascular function was only affected in the lower limbs during
prolonged inactivity5. The increase in PWV observed during prolonged standing (Figure 6) may
be related to the edema that occurred during standing (Figure 4). While there was no significant
difference in the degree of venous pooling (change in circumference), there was greater
vasoconstriction during the standing trial (Figure 5C & 7C). However, HR and MAP were elevated
during standing compared to sitting (Figure 2). This possibly indicates that during standing venous
return is reduced, and total peripheral resistance, as well as HR, are increased in order to maintain
cardiac output. The pooling of blood in the lower limbs likely stretched the small veins causing a
venoarteriolar response resulting in vasoconstriction29,30. During vasoconstriction, diameter
decreases (Figure 5C) whereas pressure within the artery increases thereby increasing PWV
(Figure 6C & 6D) in that arterial branch31 although there are a myriad of other factors that can
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affect arterial stiffness16. Altogether, the data indicate that the primary cause of increased
peripheral arterial stiffness is caused by arterial vasoconstriction at the femoral artery. However,
future research will have to investigate if these acute effects compound over time leading to
chronic increased arterial stiffness.
Our data indicate that, similar to previous research10, standing improves FMD in
comparison to sitting (Figure 7). Despite no differences in antegrade shear stress (Figure 5A)
standing result in a small reduction in retrograde shear stress (Figure 5B). However, two hours of
prolonged standing led to an increase in lower limb arterial stiffness (peripheral PWV) regardless
of whether or not the leg was heated (Figure 6C & 6D). Therefore, standing itself may not entirely
protect against acute vascular dysfunction, and sitting may actually result in lower peripheral PWV
than standing.
Previous work has suggested that the underlying molecular mechanism behind sitting
induced vascular dysfunction is ET-14. Over the course of days-to-weeks of inactivity ET-1
expression increases32, and endothelial production of ET-1 increases when shear rate decreases33.
However, only one study has documented an increase in circulating ET-1 or an upregulation of
intracellular ET-1 in the vasculature of the lower limbs after 3-h of prolonged sitting6. In this study,
the local heating may have blunted the systematic ET-1 response, and this is a limitation to the
study design. Local heating does appear to reduce circulating ET-1 levels in peripheral artery
disease patients34. Further, as noted by Padilla and Fadel4, increased circulating ET-1 may only
occur in diseased states, such as type 2 diabetes or hypertension, where the endothelium is already
injured.
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Limitations
In our study, we did not observe a significant decrease in FMD during sitting, contrary to
most of literature on sitting induced vascular dysfunction4. There are two primary differences
between our study and other studies investigating sitting induced vascular dysfunction: location of
FMD measurement and duration of sitting. In our study, FMD was assessed at the superficial
femoral artery, but most studies have assessed lower limb FMD at the popliteal artery. We chose
the SFA over the popliteal site based on current FMD consensus guidelines indicating that the SFA
accurately reflect endothelial function while the same has not been established at the popliteal13.
If arterial angulations are a primary factor in sitting induced endothelial dysfunction then it follows
that greater dysfunction would be observed when FMD is measured at the popliteal artery where
physical bending is occurring. In addition, most studies subjected participants to longer durations
of sitting (3-8h) than our 2-h protocol. This was not feasible in this protocol due to increased
subject discomfort when they were asked to stand longer than 2 hours in our pilot work. Therefore,
the lack of a statistically significant decline in FMD may be a result of differences between the
popliteal or SFA responses to sitting, or a smaller effect size due to the shorter duration of sitting.
Perspectives and Significance
In conclusion, standing and passive heating are equally effective at improving FMD in
healthy young adults. However, standing increases peripheral PWV, and increasing shear rate via
passive heating does not attenuate this response. Meanwhile, our data indicate that circulating ET1 is unaffected by either 2-h of sitting or standing. Overall, interventions for preventing sitting
induced vascular dysfunction should focus on modifying shear rate (antegrade or retrograde) while
preventing vasoconstriction which can temporarily increase lower limb arterial stiffness. These
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interventions could be in the form of local heating or standing (similar to this study), or may be as
simple as physical activity breaks which can also increase antegrade shear rate and improve FMD.
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Tables

Table 1. Participant Characteristics (Mean ± SD)
Sex (Male/Female)
13/13
Age (years)
25 ± 3
2
Body Mass Index (kg/m )
23.1 ± 3.4
a
a
Body Fat (%)
24.5 ± 7.0
Physical Activity (MET∙min/week)b
2628 ± 2594
a
Obtained via DXA scan
b
Obtained from International Physical Activity Questionnaire
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Table 2. Heart rate and mean arterial pressure linear mixed model ANOVAs
p
MAP
Trial
<.001
Time
<.001
Time x Trial
.075
HR
Trial
.275
Time
<.001
Time x Trial
<.001
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Table 3. Effects of Sitting and Standing: Pulse wave
velocity linear mixed model ANOVAs
p
Supine
Central PWV
Trial
.77
Time
.88
Time x Trial
.50
Peripheral PWV
Trial
.37
Time
.28
Time x Trial
.014
Upright
Central PWV
Trial
<.001
Time
<.001
Time x Trial
.075
Peripheral PWV
Trial
.09
Time
.61
Time x Trial
.89
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Table 4. Combined effects of heating and standing: Pulse
wave velocity linear mixed model ANOVAs
p
Supine
Central PWV
Trial
Intervention
Trial x
Intervention

.28
.11
.85

Trial
Intervention
Trial x
Intervention

.004
.22
.92

Trial
Intervention
Trial x
Intervention

.86
.32
.91

Trial
Intervention
Trial x
Intervention

.006
.09
.35

Peripheral PWV

Upright
Central PWV

Peripheral PWV
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Table 5. Effect of Sitting and Standing: Flowmediated dilation linear mixed model ANOVAs
p
FMD
Trial
Time
Time x Trial

.039
.28
.18

Trial
Time
Time x Trial

.37
.28
.014

Trial
Time
Time x Trial

.63
.18
.28

Baseline Diameter

Maximum Shear Rate
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Table 6. Combined effects of heating and standing: Flow-mediated
dilation linear mixed model ANOVAs
p
FMD
Trial
.031
Intervention
.011
Intervention x Trial
.43
Baseline Diameter
Trial
<.001
Intervention
.15
Intervention x Trial
.32
Maximum Shear Rate
Trial
Intervention
Intervention x Trial
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.08
.014
.27

Figures

Figure 1. Study Design. Dashed lines represent the measurement of shear rate and blood flow at
the superficial femoral artery (both legs) over the course of 2 minutes. During each trial, one leg
was heated via a water-perfused pant leg circulating 49° C water. Trials (sitting vs standing) and
passive heating (left leg vs right leg) were completed in a randomized, counter-balanced order.
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Figure 2. (A) Mean arterial pressure (MAP) and (B) heart rate (HR) (mean ± SD) throughout each
experimental trial. *Indicates significant difference (p<0.05) from supine and ¥indicates a
difference between from sitting (p < .05). All data presented as (mean ± SD).
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Figure 3. Skin temperatures (ᵒC) at the (A) thigh, (B) calf, and (C) foot. All data presented as
(mean ± SD).
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Figure 4. Edema as measured by (A) ankle circumference and by (B) change in plethysmograph
tension at the calf. *Indicates a significant difference from the control limb (i.e., significant
difference from control across all time points; p < .05). All data presented as (mean ± SD).
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Figure 5. (A) Antegrade and (B) retrograde shear rate and (C) vessel diameter at the superficial
femoral artery. *indicates a significant difference from the control limb (p < .05) while ¥indicates
a main effect of trial (i.e., overall differences between sitting and standing; p < .05). All data
presented as (mean ± SD).
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Figure 6. Measures of arterial stiffness. Central PWV while (A) supine and (B) upright and
peripheral PWV while (C) supine and (D) upright. *Indicates a significant difference from sitting
(p < .05). All data presented as (mean ± SD).
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0.89
Figure 7. (A) Flow-mediated dilation (𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑎𝑥 : 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒
) (B) Baseline diameter and
(C) maximum shear rate at post-trial (after 2-h sitting/standing) after controlling for baseline
differences (i.e., adjusting for baseline as a covariate). *Indicates a significant difference from
control (p < .05) and ¥ indicates a significant difference from sitting (p < .05). All data presented
as (mean ± SD).
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Figure 8. Changes in ET-1 (mean ± SD) after 2 hours of sitting and standing while controlling for
baseline differences in ET-1 (baseline as a covariate).
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V. Manuscript #2: Influence of Biological Sex on Sitting Induced Vascular Dysfunction and
Potential Interventions to Prevent Vascular Dysfunction
Aaron R. Caldwell*, Lisa T. Jansen, Megan E. Rosa-Caldwell, Erin K. Howie, Kaitlin M.
Gallagher, Ronna C. Turner, Matthew S. Ganio
Exercise Science Research Center, University of Arkansas, Fayetteville, AR, USA
*The majority of this work was completed by the lead author (ARC)
Abstract
Purpose: The purpose of this study is to examine the effect that biological sex has on sitting
induced vascular dysfunction. Further, this study will estimate the impact of biological sex on
interventions, such as passive heating or standing, to prevent sitting induced vascular dysfunction.
Methods: Twenty-six healthy, young (18-40 years old) males (n=13) and females (n=13)
participated. Participants completed two experimental trials (2-h sitting and 2-h standing).
Furthermore, in a randomized fashion, one leg was passively heated in order to increase shear rate.
Flow-mediated dilation (FMD) at the superficial femoral artery (SFA), and central and peripheral
pulse-wave velocity (PWV) were measured using vascular ultrasound. Endothelin-1 (ET-1) was
analyzed using an enzyme-linked immunoassay (ELISA). Results: There was a non-significant
decrease in FMD (-1.48%; p = .06) during sitting and the decline in FMD was not different between
biological sexes (-1.96% vs -0.93%; p = .49, males and females respectively). Further, standing
resulted in a significant increase in peripheral PWV (50 cm/s; p < .05) but there was no effect of
biological sex on this response (p > .05). ET-1 did not increase over the course of either trial
(sitting or standing), and was not different between sexes (p > .05). Interestingly, the standing was
not well tolerated among female participants with seven participants having to cancel their initial
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trial due to lightheadedness. Conclusions: In this study, we demonstrate that there is no significant
impact of biological sex on sitting or standing induced vascular dysfunction, and the interventions
(i.e., standing and passive heating) intended to prevent this dysfunction.
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Introduction
The majority of waking hours are spent sitting and inactive1. Sedentary behavior directly
contributes to vascular disease by creating an environment that stimulate a number of pathways
that contribute to vascular dysfunction2. The two primary physiological mechanisms underlying
sitting induced vascular dysfunction appear to be arterial bending 3,4 and low shear stress5–7.
However, the influence of sex as a biological factor has largely been ignored 8, but likely plays a
role in the development of sitting induced vascular dysfunction2.
Very few studies to date have considered biological sex as potential variable of interest
when evaluating sitting induced vascular function8,9. While standing and local heating have been
promoted as potential interventions or alternatives to protect against sitting-induced vascular
dysfunction these studies have primarily used males3,6. Therefore, it is unknown if increasing shear
rate through local heating, or altering shear rate, via prolonged standing, affect males and females
differently. The limited research available suggests that estrogen may play a role since prepubertal
girls are not protected from sitting induced vascular dysfunction9. In the studies that have included
female participants (n=6 studies) only one has examined potential differences between the sexes 8.
This is particularly worrisome considering female participants are partially protected from sitting
induced vascular dysfunction8. Considering vascular dysfunction manifests differently in male and
female participants then it follows that biological sex may interact with the interventions such as
standing or local heating.
Prolonged periods of sitting (>1 hour) appear to directly cause vascular dysfunction 10.
When physically active adults are restricted to sitting for five days significant vascular dysfunction
begins to manifest 5,9. However, prolonged sitting tends to induce vascular dysfunction differently
in males and females8. Reductions in flow-mediated dilation (FMD) appear to be attenuated in
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females compared to males. Microvascular function however is significantly reduced in both males
and females. However, after just 2 hours of standing, both males and females have similar
reductions in shear rate8, which is the primary mechanisms behind vascular dysfunction associated
with prolonged sitting6. Therefore, despite having similar stimuli (reductions in shear rate) females
seem to be protected, at least partially, from sitting-induced vascular dysfunction.
There is emerging evidence that biological sex influences vascular function following
prolonged sitting8. However, it is unknown to what degree sitting induced vascular dysfunction,
or interventions to prevent it, are affected by biological sex. Therefore, the purpose of this study
is to investigate if biological sex moderates the vascular responses to interventions such as standing
and heating. We hypothesized that, similar to previous studies, females would have attenuated
vascular dysfunction in response to 2 hours of sitting relative to males. In addition, we estimated
the impact of biological sex on the responses to interventions (i.e., local heating and standing)
intended to prevent sitting induced vascular dysfunction. In light of the available evidence, we
hypothesized that males would have a greater improvement in FMD during standing while there
would be equal improvements in FMD between sexes from local heating.
Methods
Non-obese males and females between the ages of 18-40 years old were recruited to
participate in this study. Exclusionary criteria included previous history of cardiovascular issues,
hypertension, current drug use that can affect endothelial function (i.e., SSRIs, β-blockers, nitrates,
and calcium channel blockers), obesity (BMI>30 kg/m2), smoking, or a history of problems with
fainting or dizziness11,12. To, control for the effects of the menstrual cycle, female participants
were only included if they were taking regular monophasic hormonal contraception11,12. A
description of the sample can be found within Table 1.
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Experimental Protocol
At a familiarization visit, participants signed an informed consent was approved by the
University of Arkansas Institutional Review Board, and completed a medical history
questionnaire. In accordance with current guidelines for FMD 11,12, participants were asked to
refrain from alcohol and exercise for 8 hours, and food for 6 hours prior to each experimental trial.
Pre-test compliance was verified with a 24-hour history questionnaire.
A schematic of the protocol design is in Figure 1 (below). Each participant completed two
experimental trials (completed in random counterbalanced order): sitting (2 hours of sitting),
standing (2 hours of standing). Moreover, in each trial one leg was passively heated while another
acted as a control. This methodology provides a time control and is often used in this area of
research3,4,6,10,13. Further, previous literature has demonstrated 2 hours is sufficient to induce
observable vascular dysfunction during sitting10, and internal pilot data has indicated that standing
for > 2 hours is not tolerable for many individuals. In the standing trial, participants stood while
watching television while in the sitting trial participants remained in a standard phlebotomy chair
while watching television.
Immediately before and after each trial, participants laid supine, on a padded phlebotomy
chair and rested for 20 minutes prior to the measurement of baseline FMD, shear rate, blood
pressure and heart rate. This rest period provided subject stabilization prior to FMD11. Ultrasound
imaging (for shear rate measures) at the superficial femoral artery (SFA), and other cardiovascular
measures (described below) was measured at minutes 10, 25, 55, and 115 of each trial. Blood
pressure and heart rate measurements were obtained in duplicate during measurements of shear
rate and FMD.
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Experimental Measures
Local heating. In order to passively heat the legs, participants were dressed in a waterperfused, tube-lined pants that covers the intervention leg (Allen-Vanguard, Ottawa, Canada). The
suit permits control of skin temperature by changing the temperature of the water perfusing the
suit. The local heating leg, after baseline measures, had hot water (49°C) perfuse the pants
throughout the standing or sitting bout. Skin temperature was recorded on both legs at the thigh
(midway between the patella and femoral head), lateral calf (midway between the lateral malleolus
and head of the fibula), and on the anterior of the foot using six (three on each leg), small, wireless
thermichrons that recorded skin temperature (iButtons, Maxim Integrated, San Jose, CA).
Pulse wave velocity. Arterial stiffness was indexed using PWV, which is the preferred
method14. Central PWV was calculated from the carotid and femoral arteries, while Peripheral
PWV of the lower limb was calculated from femoral and dorsalis pedis arteries. PWV was
measured with Doppler ultrasound (GE GoldSeal LOGIQ eBT08) using the foot-to-foot method15.
Specifically, PWV was calculated as the distance between measurement sites divided by the time
delay between the two waveforms. A three-lead ECG was utilized to calculate the time delay from
the R-wave to the foot of the pulse wave. The distance between arterial sites for PWV was
calculated as the direct distance between the femoral and dorsalis pedis sites. Distances between
sites was calculated for each individual trial by measuring from the distal edge of the ultrasound
probe with a retractable cloth tape measure. All PWV measures were performed on both sides of
the body (left and right) in each trial with consistent probe location being assured by marking the
skin with a surgical marker.
In this study, upright (sitting and standing) measures of PWV were obtained. Body posture
influences hemodynamic regulation of parameters related to arterial stiffness 16, but measuring
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arterial stiffness in the upright position is considered reliable 17. Therefore, upright measures were
only compared to other upright measures. Measurement site order was randomized between
participants but consistent within-participant for each trial.
Flow-mediated dilation & shear rate measurements. All FMD and shear rate
measurements were obtained at the SFA on both legs. Artery diameter and blood velocity was
measured using duplex-Doppler ultrasound. Simultaneous diameter and velocity signals were
obtained in duplex11. During the standing or sitting bouts, ultrasound videos to measure shear rate
and artery diameter at the SFA were recorded for one minute. These ultrasound images were
analyzed with antegrade (forward moving) and retrograde (backward moving) shear rate being
recorded as well as artery diameter. Prior to FMD measurement, an automatic rapid inflation cuff
(E-20 rapid cuff inflator; D.E. Hokanson, Bellevue, WA) was placed on their right thigh directly
distal to the knee joint, and, therefore, distal to the SFA recording location. After baseline FMD
was assessed, the placement of the ultrasound probe was marked with a surgical pen to ensure
consistency of subsequent measurements. Two minutes of baseline hemodynamics was recorded,
the cuff was then inﬂated to a pressure of 250 mmHg for 5 minutes, and the vasodilatory response
was then be recorded for 5 minutes after cuff release. A validated18 software (FMD Studio, Quipu,
Pisa, Italy) for beat-to-beat analysis vessel wall detection and quantification of shear rate 19 was
utilized. Shear rate was calculated from the blood flow velocity and frame-by-frame vessel
diameter from the duplex ultrasound, as previously reported 11. Furthermore, in order to account
for allometric scaling, the slope between baseline diameter and maximal diameter was assessed20.
Overall, the slope between these diameters was 0.89 and this slope was consistent between groups
and time points. Therefore, FMD was calculated as 𝐹𝑀𝐷 =
previously reported adjustments for allometeric scaling 21.
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𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝑀𝑎𝑥𝑖𝑚𝑢𝑚
0.89
𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

consistent with

Other Cardiovascular Measures. Participants were fitted with an automated blood
pressure cuff (Tango+; SunTech Medical, Inc., Morrisville, NC, USA) placed on the right brachial
artery to obtain blood pressure via electrosphygmomanometry. Mean arterial pressure (MAP) was
calculated as two-thirds diastolic pressure plus one-third systolic pressure and averaged from
duplicate blood pressure measurements taken a teach time point. Blood pressure and HR
measurements were measured in duplicate during measurements of shear rate, and FMD.
Measurement of Venous Pooling. Similar to previous research7,13, we measured the
circumference of the ankle at baseline (supine) and post (at the end of sitting or standing) using a
cloth tape measure. . In addition, the exact change in calf circumference were measured using
plethysmography (EC6 Strain Gauge & Photo-plethysmography System, D.E. Hokanson Inc,
Bellevue, WA), which can detect even minute changes in calf circumference via change in the
tension of the plethmysmyography wire. Plethysmograph data was continuously recorded to a
computer using LabChart (ADInstruments, Colorado Springs, CO, USA). This allowed for a more
accurate comparisons of venous edema between conditions. Venous pooling was quantified as
change in calf (mV; plethysmograph) and ankle (cm; cloth tape) circumference.
Quantifying Movement. Sudden changes in calf circumference due to movement can be
detected via the plethysmograph considering this device continuously records calf circumference.
Movement was quantified via manual visual inspection of the plethmyograph data with any 0.05
mV increase or decrease within 1 second being counted as a movement. Further, the root mean
square error of plethmyograph data for each trial was calculated as a proxy for movement with
greater root mean square error (of the grand mean for plethysmograph tension throughout the trial)
indicating more movement.
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Statistical Analysis
To compare effect biological sex on the FMD response to sitting, a linear mixed model
with time and biological sex as factors was utilized (time x sex) while the passive heating and
standing trial data was excluded. Each specific aim of this study was analyzed using linear mixed
model to analyze differences in shear rate, vessel diameter, and FMD between trials (i.e. condition:
sitting vs. standing, or intervention: heating vs. no heating) and subjects (i.e., sex) while controlling
for baseline values (i.e., baseline time varying covariate22). When a significant main effect or
interaction was observed, the estimated marginal means were then inspected for significant
pairwise comparisons. When significant effects were observed differences are reported as the mean
difference with 95% confidence interval (95% C.I.). In addition, descriptives (e.g., BMI, age, and
body fat percentage) were compared using an independent samples t-test. Significance was set at
p < .05.
Results
There was no effect of biological sex on MAP in response to sitting or standing. However,
MAP was elevated from the supine measures (baseline and post) during standing or sitting (8.4
mmHg 95% C.I. [6.8, 9.9], p < .001), and standing elevated MAP compared to sitting (4.9 mmHg
95% C.I. [2.2, 7.7], p < .001). HR was elevated when participants were upright compared to the
supine measures (19 bpm 95% C.I. [17, 22]; p < .001). HR was elevated during the standing trial
compared to sitting (6 bpm 95% C.I. [2, 9]; p = .004) at all upright time points. However, the
increase in HR was moderated by biological sex (interaction between Sex x Trial; p = .002).
Females had significantly higher HR during the standing trial compared to males (11 bpm 95%
C.I. [1, 22]; p = .049), but there were no differences between sexes during the sitting trial (2 bpm
95% C.I. [-9, 13]; p = .69).
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Skin temperature at the calf increased at the initiation of passive heating, and peaked at
40.1 ᵒC, 95% C.I. [39.9, 40.3]. Similarly, skin foot temperature increased during passive heating
and peaked at 35.0 ᵒC, 95% C.I. [34.5, 35.5]. While thigh skin temperature did not increase
throughout the trial (i.e., no effect of time; p > .05); thigh temperature on the heated leg (31.9 ᵒC,
95% C.I. [31.6, 32.3]) was greater than the control (31.3 ᵒC, 95% C.I. [30.9, 31.9]; main effect of
intervention: 0.63 ᵒC 95% C.I. [0.63, 0.72]; p < .001). Changes in skin temperature at all sites
(thigh, calf, and foot) were not different between biological sexes (p > .05).
Edema at the ankle (via cloth tape) occurred independent of intervention, trial, and sex
(0.79 cm 95% C.I. [0.66, 0.92]; p < .001). Further, at the calf (via plethysmograph) edema occurred
in both trials (0.27 mV 95% C.I. [0.18, 0.36]; p < 0.001). There were no differences in calf edema
between sexes (Male: 0.25 mV 95% C.I.[0.08, 0.42] and Female: 0.25 mV 95% C.I.[0.12, 0.46])
or trials (Sitting: 0.20 mV mV 95% C.I.[0.06, 0.35] and Standing: 0.33 mV 95% C.I.[0.19, 0.47]).
More movement was detected in standing trial compared to sitting trial when measured as
total movements detected (Cohen’s dz = 1.23 p < .001), or root mean square error (Cohen’s d z =
0.65, p = .013), but there were no differences between males and females (p > .05). Despite greater
movement, the standing trial was not well tolerated with 8 participants reported lightheadedness
causing the trial to be cancelled and rescheduled. Most of the participants that reported
lightheadedness (7/8) were females.
Hemodynamics during sitting and standing
During sitting and standing, passive heating increased antegrade shear rate (72.8 s -1 95%
C.I. [58.9, 86.6]; p < .001) to a similar extent in both male and female participants. This increase
was sustained throughout the trials (i.e., main effect of intervention) while there were no
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differences between sitting and standing (i.e. no main effect of trial). In a similar fashion,
retrograde shear rate was reduced during passive heating compared to the control limb (13.2 s -1
95% C.I. [10.7, 15.7]; p < .001) and during standing compared to sitting (3.1 s -1 95% C.I. [0.23,
5.95]; p = .035). In contrast, superficial femoral artery diameter was reduced during standing
compared to sitting (-0.28 mm 95% C.I. [-0.48, -0.08]; p = .005), but there was no effect of passive
heating or biological sex.
Pulse Wave Velocity
Overall, peripheral PWV was higher in the standing trial whether in the supine (48 cm/s
95% C.I. [15, 80]; p = .004) or upright position (76 cm/s 95% C.I. [25, 134]; p = .007). However,
there was no effect passive heating (p > .05) or biological sex (p > .05) (Figure 2C & 2D). As for
central PWV, there was no significant effect of trial (sitting vs standing), intervention (passive
heating), or biological sex (Figure 6A & 6B).
Flow-Mediated Dilation
Influence of biological sex on responses to sitting. Overall, there was a non-significant
decrease in FMD in the sitting trial (-1.45 % 95% C.I. [-2.95, .05]; p = .061). Further, there was
no effect of biological sex on the FMD response to sitting (Table 3). Baseline artery diameter (i.e.,
prior to ischemia) significantly increased in the sitting trial (0.15 mm 95% C.I. [0.01, .28]; p =
.032) and males tended to have a larger SFA diameter (1.01 mm 95% C.I. [0.49, 1.53]; p < .001);
independent of the time point (i.e., main effect of sex; Table 3). Further, maximum shear rate
during FMD tended to be greater in the female participants (190 s-1 95% C.I. [75, 306]; p = .002)
Table 3).
Influence of biological sex on responses to passive heating and standing. Overall, there
was a main effect of both trial and intervention (Table 4; both p < .05). Passive heating resulted in
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higher FMD compared to control (1.64% 95% C.I. [0.39, 2.89]; p = .011; Figure 3A), independent
of trial (sitting and standing). Further, standing resulted in higher FMD (1.42% 95% C.I. [0.18,
2.66]; p = .025; Figure 3A). Male and female participants responded similarly to the passive
heating and standing (i.e., no interactions between sex and other factors; Table 4). Further, baseline
diameter was lower after the standing trial, independent of intervention and biological sex (0.23
mm 95% C.I. [0.10, 0.36]; p < .001; Figure 3B). In addition, maximum shear rate during FMD
was greater in the passively heated limb in the female participants (320 s -1 95% C.I. [139, 502]; p
< .001; Figure 3C), but there was no significant change in the male participants (35 s -1 95% C.I. [144, 213]; p = .69; Figure 3C).
Endothelin-1
Overall, there were no significant changes in ET-1 over to course of 2 hours of sitting (0.56 pg/mL 95% C.I. [-2.26, 1.13]; p = .45), or standing (-0.63 pg/mL 95% C.I. [-2.33, 1.05]; p =
.51). There were no differences between the males and females (0.74 pg/mL 95% C.I. [-1.39, 2.87];
p = .47), after accounting for baseline differences, in ET-1 (Figure 4).
Discussion
The major finding of the present study is that biological sex does not appear to moderate
sitting induced vascular dysfunction nor the interventions intended to prevent vascular
dysfunction. Thus, in contrast to previous work8, females do not appear to be protected, at least
within this experimental design, from sitting-induced vascular dysfunction. Furthermore, in
contrast to our other hypotheses, male and female participants appear to equally benefit, with
regard to FMD, from passive heating and standing.
Previous research indicated that females are protected from sitting-related impairments in
FMD8, despite both male and female participants experiencing similar reductions in reduction in
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shear rate during a 3-h sitting period8. Instead, our data indicate males and females experience
similar reductions in shear rate and FMD during periods of prolonged sitting. However, in our
study, we did not induce a significant reduction in FMD after 2-h of sitting. Therefore, the
difference between males and females after 2-h of sitting may be masked by the lack of an overall
change in FMD.
Shear rate in the femoral artery is reduced during prolonged standing 3 and sitting13. When
local heating is applied, antegrade shear rate is increased and retrograde shear rate is reduced.
Interestingly, this corresponds to improved FMD compared to sitting alone in both males and
females. Further, retrograde shear rate is reduced during standing, compared to sitting alone. This,
in similar fashion to heating, corresponded to an improvement in FMD compared to sitting
irrespective of biological sex.
Previous research would indicate that when retrograde shear rate is increased, FMD is
reduced23. In vivo, increased retrograde shear rate promotes the development of atherosclerosis 24.
Further, sitting induced vascular dysfunction, as measured by FMD, is eliminated when antegrade
shear rate is increased via local heating6. This supports the view that sitting-induced leg endothelial
dysfunction is mediated by a reduction in shear rate in both males and females5. Our data lend
support to this hypothesis and confirm that local passive heating is effective at increasing antegrade
shear rate. Further, standing, while it did not increase antegrade shear rate, did reduce retrograde
shear rate in comparison to sitting. The reduction in retrograde shear rate appears to be enough of
a stimulus to improve FMD in comparison to sitting. Furthermore, the effects of standing on FMD
were similar between males and females. Lastly, the combination of standing and passive heating
did not result in differences in shear rate or FMD compared to passive heating alone in males and
females(Figure 3).
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The current study did not find supporting evidence for the hypothesis that males and
females have different vascular responses to prolonged sitting. There is some literature to support
our finding. Nitric oxide, a potent vasodilator derived from the endothelium, production and nitric
oxide synthase is greater in females than males25. Some have postulated that this greater nitric
oxide availability protects females from sitting induced vascular dysfunction despite similar
reductions in antegrade shear rate during sitting8. Further, the sex differences in nitric oxide
availability are typically attributed to the increased presence of estrogen in females 26. As evidence
of this, pre-pubertal females have a similar reduction in FMD as adult males9.
Standing also appeared to increase arterial stiffness localized to the lower limbs (peripheral
PWV; Figure 2), and this is in agreement with previous studies on the effects of prolonged
standing27. The increase in peripheral PWV observed during prolonged standing (Figure 2) may
be related to the edema that occurred during standing. While there was no significant difference in
the degree of venous pooling (change in circumference), there was greater vasoconstriction during
the standing trial. However, HR and MAP were elevated during standing compared to sitting
(Figure 2). This possibly indicates that during standing venous return is reduced, and total
peripheral resistance, as well as HR, are increased in order to maintain cardiac output. The pooling
of blood in the lower limbs likely stretched the small veins causing a venoarteriolar response
resulting in vasoconstriction28,29. During vasoconstriction, SFA diameter decreased (Figure 3B)
whereas pressure within the femoral artery increased. The increase in pressure, within this specific
arterial branch, may have increased peripheral PWV30. Furthermore, the degree of vasoconstriction
was similar between biological sexes, and the corresponding increase in peripheral PWV was
similar between males and females. However, there are a myriad of other physiological factors
that can affect arterial stiffness14 that may have also played a role.
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The adoption of standing desks is now being promoted as a healthier alternative to sitting 31.
Unfortunately, occupations that require standing are associated with increased low back pain and
chronic venous insufficiency32. In our study, eight participants were unable to complete the 2-h
standing protocol upon their first attempt due to lightheadedness, and had to re-schedule this trial
for a later date. This effect was likely exacerbated by the participants being fasted and only being
allowed minimal movement (shifting weight from one leg to the other). Interestingly, seven of
these eight participants were female thus indicating females may not tolerate prolonged periods of
standing compared to males. This is not necessarily surprising considering young females are
much more likely than young males to experience orthostatic hypotension and syncope33. In fact,
50% of females, by age 25, report having experienced an episode of orthostatic intolerance 34.
Current evidence suggests an imbalance between α-adrenergic vasoconstriction and β-adrenergic
vasodilator is the primary cause of orthostatic intolerance in females 33. In young males, an
orthostatic challenge increases sympathetic activity leading to vasoconstriction in order to increase
peripheral resistance thereby maintaining MAP despite lower cardiac output (due to reduced
venous return). However, due to the adrenergic imbalance in young females, the increase in
peripheral resistance is blunted and therefore must be offset by increasing cardiac output (as
evidenced by an increase in HR). Regardless of the mechanism, there is a possibility that broadly
advocating for prolonged standing as an alternative to prolonged sitting may have several
unintended consequences that negatively affect the health of the worker. In particular, these
negative side effects may be more pronounced in female workers, and our data indicate that public
health initiatives may need to be cautious about advocating for standing as an alternative for sitting.
Previous research has indicated there is lower prevalence of peripheral artery disease in
females35.The clinical and prognostic value of FMD and PWV for the approximation of
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cardiovascular risk has been determined in both health and disease 36. Indeed, endothelial
dysfunction, FMD, tends to precede atherogenesis37, and it is well established that the leg
vasculature is more susceptible to the development of atherosclerosis compared to other vessels 2.
Previous research indicating sitting-induced impairments in FMD are reduced in females8 implies
the cardiovascular impact of sedentary behavior differs between males and females. In contrast,
our study indicates that sitting and standing induce similar responses in FMD and PWV
respectively. Further, both the male and female participants equally benefitted from passive
heating and standing in regards to FMD. However, how these effects relate to a sedentary lifestyle,
wherein longer periods of sitting are repeated daily over weeks/months/years, needs to be explored.
Limitations
In our study, we did not observe a significant decrease in FMD during sitting, and there
were no differences between the biological sexes2. There are three primary differences between
our study and other studies investigating sitting induced vascular dysfunction: location of FMD
measurement, duration of sitting, and our sample of female participants. In our study, FMD was
assessed at the superficial femoral artery, but most studies have assessed lower limb FMD at the
popliteal artery. We chose the SFA over the popliteal site based on current FMD consensus
guidelines indicating that the SFA accurately reflect endothelial function while the same has not
been established at the popliteal11. If arterial angulations are a primary factor in sitting induced
endothelial dysfunction then it follows that greater dysfunction would be observed when FMD is
measured at the popliteal artery where physical bending is occurring. In addition, most studies
subjected participants to longer durations of sitting (3-8h) than our 2-h protocol. This was not
feasible in this protocol due to increased subject discomfort when they were asked to stand longer
than 2 hours in our pilot work. Therefore, the lack of a statistically significant decline in FMD may
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be a result of differences between the popliteal or SFA responses to sitting, or a smaller effect size
due to the shorter duration of sitting. Further, previous work 8 comparing the differences between
the biological sexes recruited female participants who were eumenorrheic while our sample of
participants were all on some form of continuous hormonal contraceptive wherein they did not
experience a regular menstrual cycle. It is possible that the differences in sex hormones between
these studies contributed to the lack of differences in FMD between males and females in the
current study.
Perspectives and Significance
In summary, to our knowledge, this is the first study to compare the effects of prolonged
sitting and interventions (heat and standing) FMD, PWV, and ET-1 between sexes. Contrary to
previous work, we found these results the responses in FMD, PWV, and ET-1 were similar
between sexes. Collectively, our findings indicate a lack of sex differences in vascular responses
to 2-h of prolonged sitting or standing and provide novel information about the vascular
consequences to this everyday hemodynamic challenge in young male and female adults.
Therefore, the vascular responses potential interventions such as local heating and standing are
likely to be similar between males and females. However, the experience of side effects may be
more pronounced in females, and tailoring alternatives to sitting based on biological sex may be
necessary in order to avoid the potential of syncope.
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Tables

Table 1. Participant Characteristics (Mean ± SD)
Female
Age (years)
26 ± 3
2
Body Mass Index (kg/m )
21.1 ± 2.3
a
Body Fat (%)
27.0 ± 5.9
Physical Activity
2696 ± 3364
(MET∙min/week)
a
Obtained via DXA scan
b
Obtained from International Physical Activity Questionnaire
*Significant difference from females (p < .05)
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Male
24 ± 3
25 ± 3.2*
21.9 ± 7.3
2565 ± 1767

Table 2. Combined effects of sitting, standing, and
biological sex: Pulse wave velocity linear mixed model
ANOVAs
p
Supine
Central PWV
Trial
Intervention
Sex
Intervention x Trial
Sex x Trial
Sex x Intervention
Sex x Intervention x
Trial

.29
.12
.76
.83
.92
.71
.36

Trial
Intervention
Sex
Intervention x Trial
Sex x Trial
Sex x Intervention
Sex x Intervention x
Trial

.004
.21
.37
.96
.28
.16
.97

Trial
Intervention
Sex
Intervention x Trial
Sex x Trial
Sex x Intervention
Sex x Intervention x
Trial

.86
.07
.09
.86
.78
.47
.95

Trial
Intervention
Sex
Intervention x Trial
Sex x Trial
Sex x Intervention
Sex x Intervention x
Trial

.004
.07
.24
.38
.06
.79
.31

Peripheral PWV

Upright
Central PWV

Peripheral PWV
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Table 3. Influence of biological sex on responses to
sitting: Flow-mediated dilation linear mixed model
ANOVAs
p
FMD
Sex
Time
Time x Sex

.65
.06
.49

Sex
Time
Time x Sex

<.001
.031
.38

Sex
Time
Time x Sex

<.001
.19
.99

Baseline Diameter

Maximum Shear Rate
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Table 4. Combined effects of biological sex, heating, and standing:
Flow-mediated dilation linear mixed model ANOVAs
p
FMD
Sex
.99
Trial
.024
Intervention
.011
Sex x Trial
.97
Sex x Intervention
.75
Trial x Intervention
.39
Sex x Trial x Intervention
.18
Baseline Diameter
Sex
.34
Trial
<.001
Intervention
.15
Sex x Trial
.13
Sex x Intervention
.27
Trial x Intervention
.33
Sex x Trial x Intervention
.70
Maximum Shear Rate
Sex
.003
Trial
.10
Intervention
.007
Sex x Trial
.39
Sex x Intervention
.028
Trial x Intervention
.29
Sex x Trial x Intervention
.40
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Figures

Figure 1. Study Design. Dashed lines represent the measurement of shear rate and blood flow at
the superficial femoral artery (both legs) over the course of 2 minutes. During each trial, one leg
will be heated via a water-perfused pant leg circulating 49ᵒC water. Trials (sitting vs standing) and
passive heating (left leg vs right leg) will be completed in a randomized, counter-balanced order.
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Figure 2. Measures of arterial stiffness. Central PWV while (A) supine and (B) upright and
peripheral PWV while (C) supine and (D) upright. *Indicates a significant difference from sitting
(p < .05). All data presented as (mean ± SD).
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Figure 3. (A) Flow-mediated dilation () (B) Baseline diameter and (C) maximum shear rate at posttrial (after 2-h sitting/standing) after controlling for baseline differences (i.e., adjusting for baseline
as a covariate). *Indicates a significant difference from control (p < .05) and ¥ indicates a
significant difference from sitting (p < .05). All data presented as (mean ± SD).

92

Figure 4. Changes in ET-1 (mean ± SD) after 2 hours of sitting and standing in male and female
participants while controlling for baseline differences in ET-1 (baseline as a covariate).
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VI. Conclusions
These investigations were conducted to evaluate the influence of sitting, standing, and
biological sex on sitting induced vascular dysfunction. By having individuals sit continuously for
2-h, our goals was to induce vascular dysfunction and then compare this to standing, passive
heating, and the combination of passive heating and standing. The 2-h of sitting caused significant
increases in lower limb arterial stiffness (i.e., peripheral PWV); however, there were no changes
in FMD. Passive heating increased antegrade shear rate and standing reduced retrograde shear rate
at the SFA. Therefore, the passive heating and standing protocols were effective at moderating
shear rate. Further, this study used a balanced study design in order to compare the differences in
sitting induced vascular dysfunction sexes. The study design allowed us to determine if males and
females respond differently to interventions to prevent sitting induced vascular dysfunction. By
using these methodologies, we were able to estimate the impact of biological sex on sitting induced
vascular function, and determine the effective of passive heating and standing on preventing this
dysfunction.
In study 1, we demonstrated that peripheral PWV increases during standing, and passive
heating and standing improve FMD in comparison to sitting. During standing, vasoconstriction
occurred in the femoral artery likely contributing to the increase in peripheral PWV. In contrast,
retrograde shear rate decreased during standing likely contributing to the increase in FMD during
standing compared to sitting. Similarly, passive heating increased antegrade shear rate and reduced
retrograde shear rate likely contributing to the increase in FMD. There was no additional benefit
of combining passive heating and standing.
In study 2, we demonstrated there was no impact of biological sex on sitting induced
vascular dysfunction. Both sexes experienced similar declines, though non-significant, in FMD
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after 2 hours of sitting. Further, both interventions (heating and standing) were equally effective
in both sexes at improving FMD. Seven female participants, and one male participant, were not
able to complete the standing trial on their first attempt due to lightheadedness. While speculative,
females may not tolerate prolonged, uninterrupted standing due to sex differences in
vasoconstrictor responses.
Overall, the evidence indicates that 2-h sitting does not induce a significant amount of
vascular dysfunction, and biological sex does not moderate this response. Further, passive heating
and standing are both equally effective at improving FMD in comparison to sitting alone. The
exposure to both sitting and standing did not offer any additional benefit. However, standing may
cause an increase in peripheral PWV in the lower limbs and increase the risk for the unpleasant
sensation of lightheadedness. Together these studies provide evidence that the vasculature in males
and females respond similarly prolonged sitting, and modifying shear rate results in similar
improvement in both sexes. While the vascular responses may be similar, the tolerability prolonged
standing may be worse in females. Therefore, while biological sex does not protect against
vascular dysfunction during prolonged sitting it may affect the tolerability of prolonged standing.
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